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In vertebrates, three proteins—PERK, IRE1a,
and ATF6a—sense protein-misfolding stress
in the ER and initiate ER-to-nucleus signaling
cascades to improve cellular function. The
mechanism by which this unfolded protein re-
sponse (UPR) protects ER function during
stress is not clear. To address this issue, we
have deleted Atf6a in the mouse. ATF6a is nei-
ther essential for basal expression of ER protein
chaperones nor for embryonic or postnatal de-
velopment. However, ATF6a is required in both
cells and tissues to optimize protein folding, se-
cretion, and degradation during ER stress and
thus to facilitate recovery from acute stress
and tolerance to chronic stress. Challenge of
Atf6a null animals in vivo compromises organ
function and survival despite functional overlap
between UPR sensors. These results suggest
that the vertebrate ATF6a pathway evolved to
maintain ER function when cells are challenged
with chronic stress and provide a rationale for
the overlap among the three UPR pathways.
INTRODUCTION
The potential toxicity of accumulated unfolded or mis-
folded proteins demands that cells respond to protein
folding stresses with adaptive programs that restore ho-
meostasis or with the initiation of apoptosis to protect
the organism. Stresses may be of two general types: either
acute stresses that require immediate adjustments to the
cellular protein folding environment or chronic stresses
that persistently tax the folding apparatus and necessitate
long-term changes in gene expression to improve the
folding capacity in a quasipermanent manner.
Protein folding stress in the endoplasmic reticulum (ER)
is sensed principally by three ER-resident transmembraneDevelopmentproteins—PERK, IRE1a, and ATF6a—that initiate a series
of signaling cascades known as the unfolded protein re-
sponse (UPR) (Marciniak and Ron, 2006; Wu and Kauf-
man, 2006). The UPR alleviates protein folding stress in
two ways, one of which is by reduction in ER protein influx.
Classically, this reduction is mediated by activation of
PERK, which phosphorylates the alpha subunit of the eu-
karyotic translation initiation factor eIF2, bringing about
a rapid, but reversible, inhibition of global protein synthe-
sis (Harding et al., 1999, 2000b; Novoa et al., 2003). More
recently described are ER-selective mechanisms for re-
ducing protein load (Hollien and Weissman, 2006; Kang
et al., 2006). None of these events requires changes
in gene expression, and, so, each is ideally suited to the
alleviation of acute stress.
Activation of PERK, IRE1a, and ATF6a also initiates ER-
to-nucleus signaling cascades that culminate in the tran-
scriptional upregulation of genes that enhance the protein
processing capacity of the cell, which encompasses pro-
cesses such as protein folding, degradation, and traffick-
ing. ATF6a-dependent transcriptional induction is regu-
lated by ER stress-induced trafficking of ATF6a from the
ER to the Golgi. In the Golgi, ATF6a is cleaved by the pro-
teases S1P and S2P to release a cytosolic fragment that
migrates to the nucleus to activate transcription (Haze
et al., 1999; Hong et al., 2004; Nadanaka et al., 2006;
Okada et al., 2003; Shen et al., 2002; Wang et al., 2000;
Ye et al., 2000). ATF6b, which is weakly homologous to
ATF6a, is activated in a similar fashion and might function
as a transcriptional repressor (Haze et al., 2001; Thuerauf
et al., 2004, 2007). PERK activation and subsequent eIF2a
phosphorylation lead to production of the ATF4 transcrip-
tion factor (Harding et al., 2000a; Lu et al., 2004a; Scheu-
ner et al., 2001), while IRE1a activation results in the splic-
ing of Xbp1 mRNA and its subsequent translation into the
XBP1 transcription factor (Calfon et al., 2002; Lee et al.,
2002; Shen et al., 2001; Yoshida et al., 2001).
Paradoxically, activation of PERK, IRE1a, and ATF6a
also leads to the initiation of apoptotic signaling cascades
(Xu et al., 2005). While the mechanisms that allow cells to
escape apoptosis and adapt are not well understood, thisal Cell 13, 351–364, September 2007 ª2007 Elsevier Inc. 351
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ment of ER protein folding and processing, which serves
to attenuate further UPR signaling even as a stressful
stimulus persists (Rutkowski et al., 2006). How the three
limbs of the UPR manage adaptation to chronic stress is
not understood.
Although it is proposed that ATF6a mediates UPR tran-
scriptional activation (Baumeister et al., 2005; Lee et al.,
2003; Okada et al., 2002; Thuerauf et al., 2004; Yoshida
et al., 1998), the actual requirement for ATF6a in the ER
stress response is not known because Atf6a-deleted cells
were not heretofore available. To understand the role of
ATF6a in UPR signaling, we characterized cells and
mice that are deleted in Atf6a. ATF6a is not essential for
embryonic or postnatal development. However, despite
functional overlap between gene targets of ATF6a and
those of the IRE1a and PERK UPR subpathways, ATF6a
is needed both in cells and animals for induction of the
protein folding, processing, and degradation capacity of
the ER. ATF6a deletion compromises the functionality of
the secretory pathway during conditions of ER stress
and impairs adaptation to chronic ER stress. These results
suggest that the UPR evolved as a three-limbed stress-
sensing pathway to protect against both acute and
chronic stress and that ATF6a provides an essential role
in the chronic adaptive response.
RESULTS
ATF6a Is Dispensible for Embryonic
and Postnatal Development
The strategy for creating an ATF6a conditional allele in the
mouse is outlined in Figure 1A. Exon IV was targeted for
Cre-mediated deletion, which should alter the reading
frame of the Atf6a transcript and result in a nonsense mu-
tation and production of a truncated protein product (con-
taining only the 72 N-terminal amino acids of ATF6a) that
lacks the functional elements of the protein. Exon IV was
targeted directly in C57BL/6J animals (see Experimental
Procedures) (Figure 1B), and was deleted by mating with
EIIa-Cre-expressing transgenic mice in the C57BL/6J
background. Intercrossing of Atf6a+/ animals produced
progeny in the expected genotypic ratios (Figure 1C).
Timed matings were used to isolate several lines of
Atf6a/ and littermate-matched wild-type mouse embry-
onic fibroblasts (MEFs). Northern blot of total RNA from
these cells, and also from liver tissue isolated from wild-
type and Atf6a/ animals, revealed a reduction in full-
length Atf6a mRNA from Atf6a/ cells (probably attribut-
able to nonsense-mediated decay) and no evidence for
a knockout-specific alternatively spliced mRNA (Figures
1D and Figure S1 in the Supplemental Data available
with this article online). Quantitative real-time RT-PCR us-
ing Exon IV-specific primers confirmed the deletion of this
region in the knockout MEFs, and amplification with
primers specific for other regions of Atf6a mRNA con-
firmed that expression of a putative Atf6a transcript was
significantly reduced in the knockouts (Figure 1E). Immu-
noblot of total protein lysates from Atf6a/ MEFs did352 Developmental Cell 13, 351–364, September 2007 ª2007 Enot detect ATF6a protein (Figure 1F and data not shown;
see Supplemental Data).
Mice lacking Atf6a show no obvious developmental de-
fects through 7 months of age. Thus, Atf6a is not essential
for embryonic or postnatal development, although a more
detailed characterization is ongoing. Likewise, Atf6a/
MEFs displayed normal growth and morphology relative
to wild-type controls and no significant alteration in the
basal expression of a sampling of stress-related proteins
(Figure 1G). These data suggest that Atf6a is not essential
for basal chaperone expression, leading us to investigate
its role in response to ER stress.
Atf6a Optimizes ER Stress-Mediated Induction
of UPR Target Genes
Previous studies describing UPR-mediated transcrip-
tional regulation have suggested that it might be possible
to categorize many UPR target genes as Atf6a-depen-
dent, Ire1a-dependent, or Perk-dependent (Harding
et al., 2003; Lee et al., 2003; Okada et al., 2002; Scheuner
et al., 2001). Our deletion of Atf6a allowed us to more
directly describe the contribution of Atf6a to changes
in the expression of these genes.
Of most interest was the expression of the ER chaper-
one BiP, which is the classic sentinel for UPR gene activa-
tion (Hendershot, 2004) and which can be upregulated by
overexpression of the active form of ATF6a (Lee et al.,
2003; Okada et al., 2002). Quantitative real-time RT-PCR
showed that BiP upregulation was reduced, though not
completely abrogated, in Atf6a/ cells challenged with
the ER stress-inducing agents tunicamycin (TM) or thapsi-
gargin (TG) (Figure 2A and data not shown). Real-time
RT-PCR analysis also showed a reduction in Chop
mRNA upregulation, consistent with a proposed role for
Atf6a in coregulating this Atf4-dependent gene (Fawcett
et al., 1999; Ma et al., 2002). Surprisingly, we also found
Atf6a/ cells largely defective in the upregulation of the
Edem1 and p58IPK genes as well (Figure 2A), both of which
were previously described as Ire1a/Xbp1-dependent (Lee
et al., 2003; Yan et al., 2002; Yoshida et al., 2003). In con-
trast, upregulation of the presumptively Atf4-dependent
tryptophanyl tRNA synthetase (Harding et al., 2003; Lee
et al., 2003) (Wars) was not attenuated in Atf6a/ cells
(Figure 2A), and the putative CHOP target Gadd34 (Marci-
niak et al., 2004) was more highly induced in Atf6a/
cells. The attenuated upregulation of BiP, p58IPK, and
Chop was confirmed by immunoblot (Figures 2B and
Figure S2).
Because of possible overlap in the binding specificities
of ATF6a, XBP1, and ATF4 for the various stress-depen-
dent promoter regulatory sequences (Lee et al., 2002; Li
et al., 2000; Wang et al., 2000; Yamamoto et al., 2004;
Yoshida et al., 1998), the role of ATF6a in their regulation
is not known. Using reporter constructs driven by tandem
copies of either a UPR element (UPRE) (Lee et al., 2002;
Wang et al., 2000) or by the BiP promoter, which contains
three ER stress-response element (ERSE) sites (Gal-Yam
et al., 2006; Yoshida et al., 1998), we found that Atf6a
deletion compromised stress-dependent upregulationlsevier Inc.
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ATF6a Potentiates Adaptation to StressFigure 1. Generation of Atf6a-Deficient Mice
(A) Schematic drawings of the structure of Atf6a cDNA, the wild-type allele showing Exon IV, the targeted allele, and the deleted allele. The exons
encoding the basic region leucine zipper domain (bZIP) and transmembrane domain (TM) of ATF6a; the neo cassette, the FRT (F) and loxP (L) sites;
the restriction sites used for Southern screening (PstI: P, HindIII: H); and the 50/30 external probes (50P/30P) are indicated.
(B) Southern blot analysis of control and correctly targeted ES clones. The size of each band (in kilobases) is indicated.
(C) The genotypes of pups from Atf6a+/ intercrosses were tabulated and compared against expected percentages.
(D) Atf6a+/+ and / MEFs were probed by northern blot for expression of Atf6a mRNA. Nonspecific probe hybridization to 18S and 28S rRNA is
indicated. The 18S background band demonstrates equivalent loading. Note that northern hybridization produces two species (arrowheads), one
of the predicted 7.5 kb length and another minor species of 4 kb. Relatively inefficient transfer of large RNAs (>5 kb) means that the full-length
Atf6a mRNA is probably underrepresented. The probe was complementary to exons 13–16 of Atf6a mRNA.
(E) Total RNA was isolated from wild-type and Atf6a/ MEFs, and the expression of Atf6a mRNA was analyzed by real-time RT-PCR, using primers
either targeting exons 2/3, exons 4/5 (overlapping the deleted region), exons 12/13, or the 30 UTR. Expression was normalized against 18S rRNA.
N.D. = Not Detected.
(F) Atf6a+/+ and / MEFs were probed by immunoblot for expression of ATF6a protein and a-actin as a loading control. Asterisk represents
a nonspecific band.
(G) Cellular lysates from two pairs of independent wild-type andAtf6a/ MEFs were probed by immunoblot for BiP, p58IPK, GRP94, PDI, and calnexin
(CNX) to compare the basal expression levels of these ER chaperones and cochaperones, with a-actin as a loading control.through both elements (Figures 2C). Confirming the role of
ATF6a in the regulation of BiP expression, the BiP
promoter could be immunopurified by antisera to cross-
linked ATF6a in wild-type but not Atf6a/ cells, and BiP
regulation was directly dependent upon the BiP ERSE
sites (Figure S3). The attenuation of ERSE- and UPRE-
dependent upregulation was seen regardless of whether
the stressor was pharmacological or caused byDevelopmenoverexpression of the null Hong Kong (NHK) variant of
a1-antitrypsin, a misfolded secretory protein (Sifers et al.,
1988) (Figure 2D). The stress inducibility of both of these
reporter constructs could be restored by transfection of
Atf6a/ cells with a plasmid encoding full-length human
Atf6a (Figure 2E), and regulation of the UPRE-dependent
reporter, but not the BiP promoter reporter, could also
be restored by overexpression of XBP1 (Figure S4 andtal Cell 13, 351–364, September 2007 ª2007 Elsevier Inc. 353
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Responsive to ER Stress but Defective
in Chaperone Upregulation
(A) Wild-type and Atf6a/ MEFs were treated
with 50 ng/ml TM for 24 hr. Total RNA was iso-
lated, and the expression of BiP, Chop, Edem,
p58IPK, Gadd34, and Wars was quantitated by
real-time RT-PCR, normalizing against 18S
rRNA expression. Error bars represent means
± SDM from RNA isolated from three indepen-
dent plates. Basal expression of these genes
was not found to consistently vary between
experiments.
(B) Wild-type and Atf6a/ MEFs were treated
for 16 hr with increasing concentrations of
TG (2.5–100 nM), followed by cell lysis and
immunoblot for BiP, CHOP, or a-actin.
(C) Two separate lines each of wild-type and
Atf6a/ MEFs were cotransfected with
5XUPRE- or BiP promoter-dependent lucifer-
ase reporters and a constitutive b-galactosi-
dase reporter. Cells were treated with 50 ng/ml
TM 24 hr posttransfection, and lysates were
analyzed for luciferase expression, normalized
against b-galactosidase, after 24 hr of TM
treatment. Luciferase expression is given as
a fold-change relative to untreated cells of the
same genotype. Luciferase expression after
treatment is shown in blue for wild-type cells
and purple for knockout cells. Note that the
basal expression of the BiP-luciferase reporter
is high, and its stress inducibility low, likely be-
cause this construct contains approximately
340 bp of the rat BiP promoter, which encom-
passes regulatory regions upstream of the
ERSE sites. A construct driven by a more min-
imal BiP promoter was more robustly induced
by ER stress (Figure S3).
(D) Wild-type and Atf6a/ MEFs were trans-
fected as in (C), and also with an a1-antitrypsin
null Hong Kong (NHK) variant or emtpy vector
control. Lysates were analyzed for luciferase
expression 48 hr posttransfection and normal-
ized as in (C).
(E) Wild-type and Atf6a/ MEFs were transfected as in (C) and also with full-length human Atf6a or empty vector. Cells were treated with TM
and assayed and normalized as in (C). The inset panel shows the non-normalized luciferase expression in vector-transfected (left pair) or Atf6a-
transfected (right pair) Atf6a/ cells, which demonstrates that Atf6a transfection stimulates significant reporter transcription even in the absence
of stress. Error bars represent means ± SDM from three independent plates. The variation in inducibility of each construct varies between experi-
ments, but the relative effects of ATF6a deletion remain consistent.data not shown). Taken together, our data suggest that
genes containing either ERSE or UPRE sequences in their
promoters require ATF6a binding for their full stress-
dependent activation (see Supplemental Data).
Functional Overlap between the ATF6a
and the PERK and IRE1a Pathways
Our data suggest that Atf6a is necessary for the full upre-
gulation of a subset of UPR target genes, but that other
mechanisms regulate UPR gene expression in its ab-
sence. We found that ATF6b cleavage (Figure 3A), PERK
activation (measured by translational inhibition; Fig-
ure 3B), and IRE1a activation (assessed by Xbp1 mRNA
splicing; Figure 3C) all occurred to similar extents in
Atf6a+/+ andAtf6a/ cells soon after challenge by diverse354 Developmental Cell 13, 351–364, September 2007 ª2007 EER stressors. We then monitored the stress-dependent
upregulation of UPR sentinel genes in Perk/ and
Ire1a/ MEFs. Ire1a deletion had little effect on the upre-
gulation of most genes analyzed in response to TM chal-
lenge, with the exception of Edem1 (Figure 3D and data
not shown), consistent with previous reports (Lee et al.,
2003; Yoshida et al., 2003). In contrast, Perk was required
for upregulation of a broad group of UPR genes (Figure 3E)
(Harding et al., 2003; Luo et al., 2003; Scheuner et al.,
2001). siRNA knockdown of Atf6b in Atf6a/ cells had
no effect on the stress-dependent upregulation of BiP
and CHOP, which is consistent with the protein having
a nonredundant role with ATF6a (Thuerauf et al., 2004;
Thuerauf et al., 2007) (Figure S5). Taken together, these
data suggest that the ATF6a pathway at least partiallylsevier Inc.
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ATF6a Potentiates Adaptation to StressFigure 3. The PERK and IRE1a Pathways Functionally Overlap with ATF6a
(A) Wild-type and Atf6a/ MEFs were treated with increasing concentrations of TG (2.5–100 nM) or TM (25–1000 ng/ml; blot not shown) for 16 hr,
followed by cell lysis and immunoblot for ATF6b. Uncleaved (f.l.) and cleaved (clvd) forms are indicated, as well as a nonspecific band (asterisk). The
extent of ATF6b cleavage relative to full length was quantitated by densitometry and is shown in graphical form for each concentration to the right of
the blots.
(B) Wild-type andAtf6a/ MEFs were treated for 30 min with 5 nM TG. Cells were then pulse-labeled for 10 min with 35S Cys/Met. Precipitable counts
were normalized against incorporation for nontreated Atf6a+/+ cells. Error bars represent means ± SDM from three independent plates.
(C) Total RNA was isolated from wild-type and Atf6a/ MEFs treated for 1 hr with 10 mM DTT. RT-PCR was used to simultaneously detect both
spliced (spl) and unspliced (us) Xbp1 mRNA. The image is presented in black and white inverted form for greater visual clarity.
(D and E) Total RNA was isolated from Ire1a+/+ and / MEFs (D) and Perk+/+ and / MEFs (E), treated with 50 ng/ml TM for 24 hr, and the expression
levels of the indicated genes were quantitated by real-time RT-PCR, normalizing against 18S rRNA expression. Data from Perk cells were taken from
two separate experiments. Error bars represent means ± SDM from RNA isolated from three independent plates.overlaps functionally with the PERK pathway and, to
a lesser extent, the IRE1a pathway.
ATF6a Regulates Genes That Protect ER Protein
Processing Capacity
To characterize the global function of Atf6a and its relative
contribution to UPR signaling, we used mRNA expression
profiling to identifyAtf6a-dependent genes (Table S1). Re-
markably, no gene except for Atf6a itself was significantly
altered in its expression in Atf6a/ cells in the absence of
ER stress (Figure 4A and data not shown). Conversely, TM
treatment of wild-type cells resulted in the upregulation of
approximately 250 genes. Of these, at least 45 were upre-
gulated by TM to a significantly lesser extent in Atf6a/
MEFs, approximately half of which lost stress-dependent
upregulation completely in knockout cells (Figures 4B and
4C). Importantly, our array data for specific genes
(Figure S6), such as BiP, Edem, etc., agree well with the
Atf6a dependencies identified by our real-time analysis
and were only excluded from Figure 4C based on our sta-Developmentistical criteria. These results suggest that the data pre-
sented in Figure 4C represent a conservative estimate of
putative ATF6a-dependent genes. Notably, nearly half of
the genes with known or likely functions have roles in
preserving ER function, including protein folding, protein
degradation, and maintenance of general ER homeostasis
(Figure 4C). Taken together, our gene expression ex-
periments suggest a role for ATF6a in optimizing the
protein folding and processing capacity of the ER during
stress.
Impaired Protein Degradation and Processing
in Atf6a/ Cells
Most surprising among the genes identified as Atf6a-
dependent in our array and real-time analyses were those
involved in ERAD, as this function was proposed to be
controlled by the IRE1a/XBP1 pathway (Lee et al., 2003;
Yoshida et al., 2003). To test whether the ERAD capacity
of Atf6a/ cells was compromised, we monitored the
degradation of NHK, which is a well-characterized ERADtal Cell 13, 351–364, September 2007 ª2007 Elsevier Inc. 355
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ATF6a Potentiates Adaptation to StressFigure 4. Transcriptional Profiling Reveals Defective Induction of a Subset of ER Stress-Dependent Genes in Atf6a/ Fibroblasts
(A and B) Cluster analysis of gene expression and transcriptional profile analysis were performed as described in the Experimental Procedures.
Graphic representation of the average expression level of 8334 significantly expressed genes in untreated (A) and 249 stress-regulated genes in
tunicamycin-treated (B) wild-type and Atf6a/ MEFs is shown. Each vertical bar represents a single gene. Green coloration indicates relatively
low level expression, and red indicates a relatively high level of expression of a given mRNA.
(C) List of genes upregulated (>1.5-fold, p < 0.05) by TM in wild-type cells that are less induced in Atf6a/ fibroblasts (<2/3 induction level, p < 0.05).
Data are presented as means ± SDM of the expression level relative to wild-type nontreated cells; thus, the expression values for these genes in
Atf6a/ cells in the absence of stress are essentially identical to those in wild-type cells. The highlighted values indicate those genes whose stress
responsiveness is completely lost in Atf6a/ MEFs.substrate. NHK overexpression itself activates the UPR
(Figure 2D), yet in the absence of an exogenous stress,
its rate of degradation was no different in wild-type versus
Atf6a/ cells (Figure 5A). However, when NHK-express-
ing cells were pretreated with a low concentration of TG,
the rate of NHK degradation was slowed in Atf6a/ cells
relative to wild-type counterparts (Figure 5B). We also ob-
served that, despite comparable levels of NHK synthesis356 Developmental Cell 13, 351–364, September 2007 ª2007in TG-treated cells, the steady-state expression of intra-
cellular NHK was greater in Atf6a/ cells than in wild-
type cells, which supports the idea that its degradation
is attenuated (Figure 5B).
We also monitored the maturation of a cell-surface gly-
coprotein, the transferrin receptor (TfR), by its acquisition
of resistance to deglycosylation by endoglycosidase
H (EndoH). TfR was quantitatively resistant to EndoHElsevier Inc.
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Defective in ER Protein Processing
(A and B) Wild-type and Atf6a/ MEFs trans-
fected with NHK were otherwise untreated (A)
or pretreated with 5 nM TG overnight (B),
pulse-labeled for 1 hr, and then chased for
the indicated times. NHK was isolated by im-
munoprecipitation. The results of two experi-
ments are shown in each case. The rate of
NHK degradation was quantitated from three
experiments and is shown ± SDM in the graphs
below the autoradiographs. In (B), a portion of
the IP input was probed by immunoblot to de-
tect NHK (arrowhead). The asterisk represents
a nonspecific band that demonstrates equiva-
lent total protein loading.
(C) Atf6a+/+ and / MEFs were left untreated
or treated overnight with 5 nM TG. Lysates
were then divided into aliquots for digestion
with EndoH as indicated, and probed by immu-
noblot. The EndoH-resistant (closed arrow-
head) and EndoH-sensitive (open arrowhead)
species of transferrin receptor (TfR) are shown.
Deglycosylation of the ER-resident protein
TRAPa is also shown.
(D) Atf6a+/+ and / MEFs were transfected
with constitutively expressed SEAP and
treated for 24 hr in the presence or absence
of 5 nM TG. Media and lysates were collected
and SEAP activity was measured by a lumines-
cence assay. The ratio of secreted to cellular
SEAP activity is provided. Error bars represent
means ± SDM from three independent plates.digestion in untreated wild-type or Atf6a/ cells. ER
stress led to accumulation of a significant amount of
EndoH-sensitive TfR in Atf6a/ cells, but much less so
in wild-type cells (Figure 5C).
Finally, we compared the efficiency of protein secretion
in Atf6a/ versus wild-type cells by monitoring the se-
creted and intracellular amounts of overexpressed se-
creted alkaline phosphatase (SEAP). SEAP was secreted
with similar efficiencies in Atf6a/ cells and wild-type
cells in the absence of stress. However, after cells were
treated with TG, the ratio of secreted to intracellular
SEAP was reduced in Atf6a/ cells compared to wild-
type cells (Figure 5D), suggesting Atf6a/ cells are defec-
tive in secretion in response to ER stress. Collectively,
these observations support the notion that ER protein pro-
cessing operates suboptimally in stressed Atf6a/ cells.
Compromised Adaptation in Atf6a/ Cells
Improved protein processing function of the ER has been
proposed to suppress the perpetuation of UPR signaling
and prevent the stressed cell from committing to execu-
tion of UPR-dependent apoptotic programs during expo-
sure to chronic stress (Rutkowski et al., 2006). To assess
the consequences of Atf6a deletion in terms of cell sur-
vival, recovery, and adaptation, we took advantage of
the rapid reversibility of the reducing agent dithiothreitolDevelopmen(DTT), which disrupts oxidative protein folding in the ER
but can be readily removed by washing. As cells recover
from acute exposure to stress, or adapt to chronic stress,
splicing of Xbp1 mRNA is downregulated (Marciniak et al.,
2004; Rutkowski et al., 2006). Thus, we measured the
relative abundance of spliced Xbp1 mRNA as one indica-
tor of whether Atf6a/ cells were less able to recover
from acute DTT treatment. While treatment of cells with
DTT for 1 hr resulted in similar levels of Xbp1 mRNA splic-
ing in wild-type and Atf6a/ cells, the knockout cells re-
turned to homeostasis much more slowly than wild-type
cells, as seen in the persistence of Xbp1 mRNA splicing
4 and 8 hr after removal of DTT (Figure 6A).
Expression of the CHOP protein is also rapidly downre-
gulated as the cellular stress burden diminishes, as a
consequence of the rapid degradation of the mRNAs
and proteins encoding both CHOP and its upstream effec-
tor ATF4 (Rutkowski et al., 2006). Atf6a/ cells upregu-
lated CHOP to a lesser extent than wild-type cells follow-
ing acute exposure to DTT. However, despite this initially
attenuated induction of CHOP (up to 8 hr after DTT
removal), Atf6a/ cells failed to fully suppress CHOP ex-
pression at 24 hr after DTT removal (Figure 6B). Therefore,
by these two independent assays, we conclude that UPR
activation is prolonged in Atf6a/ cells and that ATF6a
therefore facilitates recovery from stress. In comparison,tal Cell 13, 351–364, September 2007 ª2007 Elsevier Inc. 357
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ATF6a Potentiates Adaptation to StressFigure 6. Atf6a/ MEFs Do Not Efficiently Adapt to Chronic ER Stress
(A) Wild-type and Atf6a/ MEFs were treated with 10 mM DTT for 1 hr followed by chase in DTT-free media. Total RNA was isolated at the indicated
time points, during recovery, for RT-PCR amplification of Xbp1mRNA as in Figure 3C. The extent of Xbp1mRNA splicing relative to the unspliced form
was quantitated by densitometry and is shown beneath the gel.358 Developmental Cell 13, 351–364, September 2007 ª2007 Elsevier Inc.
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covery from DTT treatment (Figure 6C), while Ire1a cells,
despite a defect in ERAD, recovered from DTT treatment
with kinetics similar to wild-type cells (Figure 6D). These
results are consistent with the nature of the genes regu-
lated by ATF6a, versus the relatively small group that re-
quires XBP1 and the relatively large and diverse group
that requires PERK.
Exposure to either brief or persistent-but-mild ER stress
protects cells against subsequent challenge by the same
or a heterologous stress agent (Hung et al., 2003; Lu
et al., 2004b; Rutkowski et al., 2006). This phenomenon,
termed preconditioning, can be observed most readily as
a reduced activation of ER stress sensors in response to
exposure to a given stress, relative to nonpreconditioned
cells. The impaired ability of Atf6a/ cells to restore ho-
meostasis after acute exposure to ER stress predicts
that they will also be less able to tolerate challenge with
a secondary stressor. To test this prediction, we pretreated
cells with DTT for one hour, allowed them to recover, and
then challenged them with either TM or TG. As expected,
DTT pretreatment protected wild-type cells from challenge
by either TM or TG, assessed by Xbp1 mRNA splicing
(Figure 6E). However, Atf6a/ cells failed to fully recover
from DTT pretreatment and, as a consequence, showed
little or no protection from secondary stress (Figure 6E).
The inability of Atf6a/ cells to be preconditioned sug-
gests that they should be less able to tolerate and adapt to
persistent or repeated stress. To test this hypothesis, we
cultured wild-type or Atf6a/ cells for up to 4 days in
the continued presence of low concentrations of either
TG or TM that allowed for the adaptation and proliferation
of wild-type cells (Rutkowski et al., 2006). In the absence
of stress, both cell types proliferated at comparable rates
(Figure 6F, NT 4 d). However, chronic exposure to either
TG or TM significantly reduced the proliferative capacity
ofAtf6a/ cells relative to wild-type cells (Figure 6F, com-
pare 1 d and 4 d to 0 d). Repeated DTT treatment pro-
duced similar results. A single exposure to DTT did not al-
ter the growth of Atf6a/ cells relative to wild-type cells
(Figure 6G; 4 d 13); however, wild-type cells were ableDevelopmentato tolerate repeated DTT exposure and proliferate over
the time-course, while Atf6a/ cells could not (Figure 6G;
4 d). Similar results were obtained in both clonogenic and
MTT-based proliferative assays (Figure S7). Therefore,
Atf6a deletion impairs the ability of cells to tolerate persis-
tent exposure to mild ER stress.
We also found that, while wild-type cells suppressed
CHOP expression concomitant with adaptation to persis-
tent mild stress (10 or 25 ng/ml TM for 3 days), Atf6a/
cells did not do so fully (Figure 6H). This result is consistent
with our previous observation that expression of CHOP
serves as a sentinel for the failure of cells to adapt to
chronic stress (Rutkowski et al., 2006) and correlates
with ongoing activation of the UPR in Atf6a/, but not
wild-type cells (Figure S8). Upon chronic exposure to rel-
atively mild stress, Atf6a/ cells also displayed more
PARP cleavage, a late marker of apoptosis (Figure 6I).
We conclude from these results that functional redun-
dancy within the UPR allowsAtf6a/ cells to tolerate brief
mild stresses but that the cellular effects of Atf6a deletion
are exacerbated by repeated insult, possibly as a cumula-
tive consequence of defects in protein folding, degrada-
tion, and trafficking.
ATF6a Protects from ER Stress In Vivo
Our results in MEFs lead to the conclusion that ATF6a is
required to protect cells against ongoing stress despite
the ability of other UPR signaling pathways to partially
compensate for its absence. To determine whether these
conclusions could be extended to protection from stress
in vivo, we challenged mice by intraperitoneal injection
with TM, which leads to ER stress in both the liver and kid-
ney (Hetz et al., 2006; Marciniak et al., 2004; Zinszner
et al., 1998), and the ER stress response in both organs
was monitored. Inhibition of glycosylation of the ER-
resident glycoprotein TRAPa confirmed the efficacy of
injection (see Supplemental Data). As in MEFs, the upre-
gulation of BiP, GRP94, and p58IPK was attenuated in
Atf6a/ livers compared to wild-type and heterozygous
controls over the entire time course (Figure 7A). These re-
sults were also seen in Atf6a/ mice in which the(B) Cells were treated as in (A), and cellular lysates were probed for expression of BiP, CHOP, and a-actin by immunoblot. The expression level of
CHOP protein normalized against a-actin is quantitated and shown beneath the blots. In both (A) and (B), essentially identical data were obtained
in independent cell lines. Note that CHOP induction depends upon multiple transcriptional and translational steps and, so, is not first seen until ap-
proximately 2 hours after removal of DTT.
(C) Total RNA was isolated from Perk+/+ and / MEFs treated and assayed as in (A), except that 1 mM DTT was used.
(D) Protein lysates were collected from Ire1a+/+ and / MEFs treated and assayed as in (B).
(E) Wild-type andAtf6a/MEFs were treated with 10 mM DTT for 1 hr and recovered for 16 hr. Cells were then rechallenged as indicated with 50 ng/ml
TM for 8 hr or 5 nM TG for 2 hr. Total RNA was isolated for RT-PCR amplification of Xbp1 mRNA as in Figure 3C.
(F) Proliferation during chronic stress is impaired by Atf6a deletion. Wild-type and Atf6a/ MEFs were treated with 5 nM TG or 50 ng/ml TM for 1 or
4 days or left untreated. Cell lysates were collected and cell number was estimated by protein concentration (see Supplemental Experimental
Procedures). Cell number is expressed relative to untreated Atf6a+/+ cells at day 0.
(G) Wild-type and Atf6a/ MEFs were treated with 10 mM DTT for 1 hr and allowed to recover for 11 hr before retreatment. This process was re-
peated over 4 days, after which lysates were collected to estimate cell proliferation as in (F). Alternatively, cells were treated only once with DTT and
allowed to recover for the remainder of the time course (4 d, 13).
(H) Lysates were prepared from either wild-type or Atf6a/ MEFs treated with TM of the indicated concentrations for 3 days as in (F) and probed for
expression of BiP, CHOP, p58IPK and a-actin by immunoblot.
(I) Cells were treated for 4 days with 5 nM TG or 250 ng/ml TM, and PARP cleavage was assessed and quantitated by densitometry. The graph
presents PARP cleavage from three independent plates, ± SDM. The PARP immunoblot corresponding to treatment of both genotypes with
250 ng/ml TM was taken from a longer exposure because of protein underloading.l Cell 13, 351–364, September 2007 ª2007 Elsevier Inc. 359
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ATF6a Potentiates Adaptation to StressFigure 7. ATF6a Regulates Stress-Dependent Chaperone Expression In Vivo
(A and B) Wild-type and Atf6a heterozygous and homozygous mutant mice were injected intraperitoneally with TM (1 mg/kg body weight) or vehicle.
Protein lysates from liver (A) and kidney (B), isolated 8, 24, 48, or 72 hr after injection, were probed by immunoblot as indicated. Efficacy of the TM
was reflected in inhibition of TRAPa glycosylation (TRAPa versus TRAPaCHO). RNA was prepared from the same liver tissue samples and assayed by
RT-PCR of Xbp1 mRNA as in Figure 3C. The right panel shows liver samples taken from mice, mated with FLP recombinase-expressing animals to
delete the neomycin cassette, 24 hr after injection with TM.
(C) Paraffin-embedded sections (4 mm) of the fixed livers of unchallenged and TM-challenged animals (18 hr) were stained with an antibody that rec-
ognizes the cleaved form of caspase-3 and were visualized at 4003magnification to detect apoptotic cells. Representative staining is shown in (C),
with caspase-3-positive cells indicated by arrowheads. Inset shows a magnified view of the area outlined in the white box.360 Developmental Cell 13, 351–364, September 2007 ª2007 Elsevier Inc.
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ATF6a Potentiates Adaptation to Stressneomycin selection cassette was deleted by FLP-medi-
ated recombination, confirming that the phenotype is not
due to secondary effects of the neomycin cassette
(Figure 7A and Figure S1). Similar results were observed
in the kidney (Figure 7B). These results were corroborated
by real-time RT-PCR analysis, as was a defect in Edem1
mRNA upregulation in the livers of Atf6a/ animals
(Figure S9 and data not shown).
As in cultured cells, we observed that CHOP expression
was lower inAtf6a/ animals early after injection (8 hr) but
was elevated relative to wild-type and heterozygous ani-
mals at later time-points (Figures 7A and 7B). Also, as in
cultured cells, expression of the negative regulator of
eIF2a, GADD34, was higher in Atf6a/ animals at all
time points (Figures 7A and Figure S8); consistent with
this result, eIF2a phosphorylation was reduced to basal
(i.e., nonstressed) levels in the livers of Atf6a/ animals,
despite persistent splicing of Xbp1 mRNA selectively in
these animals, suggesting ongoing stress (Figures 7A
and 7B). These results reveal that, while ATF6a is not
strictly necessary for eIF2a phosphorylation in the imme-
diate aftermath of exposure to stress (Figure 3B and
data not shown), it does appear to potentiate the ability
of eIF2a to remain persistently phosphorylated during
chronic stress (see Supplemental Data).
TM was found to be markedly more toxic to Atf6a/
animals than wild-type or heterozygous controls. We
found that, even fairly shortly after injection (18 hr), TM
elicited more cell death, assessed by histological staining
to detect cleaved caspase-3, in knock-out than in wild-
type livers (Figures 7C and 7D). Increased toxicity was
also observed at the organismal level; while all wild-
type and heterozygous animals survived TM challenge
(n = 8), most Atf6a/ animals succumbed (n = 4/5)
(Figure 7E). By 72 hr after injection, the livers of Atf6a/
animals were grossly discolored, consistent with
hepatic lipidosis (Figure 7F). The most likely explanation
for these results is that wild-type animals are better pro-
tected from ER stress in vivo than Atf6a/ animals, and
so an equivalent pharmacological insult produces adap-
tation (i.e., higher expression of chaperones and mainte-
nance of organ function) and less overall stress (less
splicing of Xbp1 mRNA, lower expression of CHOP,
and less apoptosis) in wild-type animals. As in cultured
cells, this difference in sensitivity to ER stress is mani-
fested more at later points after insult when Atf6a/
animals are unable to recover and/or adapt. Taken to-
gether, these data support a role for ATF6a in regulating
ER protein processing capacity to protect tissues from
ER stress in vivo.
DISCUSSION
By deleting Atf6a in the mouse and exploring the respon-
siveness to stress of Atf6a/ cells, we have uncoveredDevelopmena role for ATF6a in mediating adaptation to chronic stress.
This role is likely filled by ATF6a because of its function in
regulating the expression of genes that facilitate ER pro-
tein folding and processing. At first glance, functional
overlap between the PERK, IRE1a, and ATF6a pathways
would seem to make ATF6a dispensable for the ER stress
response, since many of the genes downstream of this
protein are nonetheless upregulated by stress in its ab-
sence, albeit to a lesser extent. Accordingly,Atf6a/ cells
do not show evidence of basal stress (Figures 1G and 4A),
do not appear to initially suffer a greater stress burden
than wild-type cells given an equivalent stimulus (Figures
3A–3C), and appear to be no more sensitive to short-
term stresses (Figures 6F and 6G). Yet Atf6a/ cells do
not return to equilibrium as efficiently as wild-type cells
when a stressor is removed (Figures 6A, 6B, and 6E). Ac-
cordingly, persistent or recurring stress exacts a cumula-
tive toll onAtf6a-deficient cells such that they are less able
to survive. This impairment correlates with lower chaper-
one expression, more persistent CHOP expression, and
increased apoptosis (Figures 6F–6I). This impairment is
manifested dramatically as failure to recover from chal-
lenge in vivo (Figure 7). Thus, the absence of Atf6a ap-
pears to adjust the threshold of tolerable chronic cellular
stress. While there is no overt phenotype in Atf6a/ ani-
mals, the fact that ATF6a protects tissues against phar-
macological ER stress suggests that unmasking of a phe-
notype in vivo awaits only the proper challenge.
While each limb of the UPR doubtless regulates at least
some genes and controls some physiological responses
uniquely (e.g., Carrasco et al., 2007; Reimold et al.,
2001), the overlap between the pathways appears to be
considerable. We propose, then, that ATF6a has evolved
not to discretely regulate a subset of genes during acute
exposures to stress, but instead to augment the protective
mechanisms upregulated by the PERK and IRE1a (and
perhaps ATF6b) pathways. This augmentation raises the
likelihood that the protein folding and processing capacity
of the cell will be able to withstand persistent insult and
suppress apoptotic UPR signaling cascades. It is telling
that each limb of the UPR contributes to the protein fold-
ing, maturation, and/or degradation capacity of the ER
during stress. To the extent that enhancement of these
processes is the most critical element of adaptation to
ER stress, overlap ensures that cells have the greatest op-
portunity possible to adapt to stress rather than succumb
to it.
Beyond its role in regulating the long-term protein-
processing capacity of the ER, ATF6a can also modulate
the cellular response to chronic stress through its effects
on the other UPR pathways, in particular the PERK/
eIF2a axis. Although the mechanism is not yet clear,
ATF6a appears to suppress production of GADD34 during
ER stress, allowing PERK/eIF2a signaling to persist and
presumably contribute to maintenance of ER and general(D) The percentage of stained cells in each microscopic field is shown. Error bars represent means ± SEM (n = 3 animals).
(E) Atf6a/ (n = 5) or wild-type and heterozygous control (n = 8) mice were injected with TM as above and lethality was followed over 13 days.
(F) Livers of mice injected with TM were visualized in situ.tal Cell 13, 351–364, September 2007 ª2007 Elsevier Inc. 361
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ingly, ATF6a has the opposite effect on IRE1a signaling, as
ATF6a deletion causes IRE1a to remain activated during
chronic stress (Figure 7 and Figure S8), although it is not
yet clear whether this effect arises from direct interaction
between the pathways or as an indirect consequence of
alterations in the ER folding capacity in Atf6a/ cells.
These results raise the possibility that activation of the
proximal sensors of ER stress is managed differently dur-
ing chronic stress versus acute stress, and that one func-
tion of ATF6a is to regulate this altered responsiveness.
From this work, we conclude that the idea that each limb
of the UPR regulates the functionality of discrete cellular
processes needs to be reconsidered. Perhaps multiple
stress sensing pathways have evolved not so much
for the division of labor as for the generation of fail-safe
mechanisms for surviving both short-term and long-term
environmental insult.
EXPERIMENTAL PROCEDURES
Targeting the Atf6a Gene in Mice
A targeting vector was constructed to replace the ATF6a gene exon IV,
with the sequence of exon IV flanked by LoxP sites, for in vivo specific-
promoter-Cre recombinase-mediated deletion (Hiraoka et al., 2006).
An embryonic stem (ES) cell line derived from the C57BL/6J substrain
BL/6 (Schuster-Gossler et al., 2001) was used for homologous recom-
bination (Seong et al., 2004). The surviving clones were screened by
Southern blot. The correctly targeted ES cells were injected into Albino
B6 (C57BL/6J-Tyr < c-2J >) blastocysts, and the chimeras were mated
with Albino B6 mice. Male offspring showing germ line transmission of
the mutant allele were crossed with female EIIa-Cre transgenic mice
that had been highly backcrossed into C57BL/6J. The heterozygous
progeny bearing a knockout Atf6a allele are therefore in a pure
C57BL/6J genetic background. The GenBank accession number of
Atf6a is NM_001081304.
Array Analysis
Passage 3 primary fibroblasts from three separate pairs of wild-type
and Atf6a/ embryos were left untreated or treated with tunicamycin
(50 ng/ml) for 24 hr. Total RNA was isolated using RNeasy (QIAgen).
cDNA synthesis, hybridization, and laser scanning of the array were
carried out at the University of Michigan Comprehensive Cancer Cen-
ter (UMCCC) Affymetrix and cDNA Microarray Core Facility with the
GeneChip Mouse Genome 430 v2.0 Array that had over 39,000 tran-
scripts (Affymetrix) as recommended by the manufacturer. The primary
image analysis was done using GCOS (Affymetrix). Raw data were an-
alyzed using Bioconductor (Gentleman et al., 2004). One TM-treated
sample of each genotype was discarded before analysis because of
a failure to pass internal quality control standards. Statistical signifi-
cance was assessed by two-tailed Student’s t test.
Cell Culture and TM Injections
MEFs were prepared, cultured, and treated as described (Rutkowski
et al., 2006). For chronic treatments, media and stressor were re-
freshed daily. For recovery experiments, cells were treated with DTT
for 1 hr, followed by rinsing in complete media and then addition of
complete media. TM injections (1 mg/kg body weight) were exactly
as described (Zinszner et al., 1998).
Molecular Analysis
Northern blotting was performed using PCR-generated digoxigenin-
labeled probes according to the manufacturer’s instructions (Roche).
Poly(A) mRNA was isolated from total RNA using the Oligotex mRNA
kit (QIAgen). Quantitative real-time RT-PCR used iQ SYBR Green362 Developmental Cell 13, 351–364, September 2007 ª2007Supermix and an iCycler thermal amplifier (Bio-Rad) as described
(Rutkowski et al., 2006). Immunoblots and luciferase asssays were
as described (Rutkowski et al., 2006). NHK was immunoprecipitated
from denatured cell lysate by dilution in ten volumes of IP buffer (1%
Triton X-100, 100 mM NaCl, 100 mM HEPES pH 7.5) and incubation
with anti-a1-antitrpysin (Dako) for 1 hour before addition of Protein
A-agarose (Pierce).
Supplemental Data
The Supplemental Data include nine figures, one table, and Supple-
mental Experimental Procedures and can be found with this article
online at http://www.developmentalcell.com/cgi/content/full/13/3/
351/DC1/.
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